Abstract. Vascular endothelial growth factor (VEGF) is thought to serve a role in neurogenesis and the stress response. Although a definite link between the action of antidepressants and VEGF has not been identified, it is assumed that VEGF, as a neurotrophic factor, serves an important role in the effects of antidepressant treatment. To examine this, the present study subjected adult female rats to four weeks of social instability stress and measured the effect of antidepressant treatment on the expression of VEGF. Firstly, endocrine markers of stress and body weight were measured in parallel with behavioral tests prior to and following subjection to stress. Then, the effect of 28-day daily treatment with desipramine (DMI; 10 mg/kg), fluoxetine (5 mg/kg) or tianeptine (10 mg/kg) on the number of copies of VEGF mRNA in the amygdala, hippocampus and hypothalamus, and on serum VEGF protein levels, of rats subjected to chronic stress was determined. In addition, the weight of the adrenal glands was measured following subjection to stress. Exposure to chronic stress was found to increase the rats' sucrose preference, and diminish their tendency for general exploration and time spent in the open. The relative adrenal weights of the stressed rats were significantly increased compared with the control. Plasma concentrations of corticosterone and adrenocorticotropic hormone were not significantly augmented. In addition, the present study identified that stress elevated VEGF mRNA expression in all studied neural structures. Furthermore, the results identified that the stress-induced increase in VEGF mRNA expression in the amygdala and hypothalamus was attenuated by long-term administration of DMI. Conversely, a decrease in serum VEGF concentration was observed in stressed rats, which was not reversed by treatment with antidepressants. In conclusion, the current study suggests that under conditions of stress, VEGF serves a role in the mechanism of action of DMI, through modulating activity of the norepinephrine system.
Introduction
In recent years, vascular endothelial growth factor (VEGF) has been a primary subject of psychiatric research, with an emphasis on its potential role in major depressive disorder, a stress-related disease (1, 2) . Chronic stress, which can be caused by social conflict or instability, serves a primary role in the provocation of depression, particularly in the presence of genetic vulnerability factors (3) . It has been suggested that VEGF could be dysregulated under stress and in depressive states (4) . VEGF, initially identified as an angiogenic mitogen, is thought to serve as a neurotrophic factor in hippocampal neurogenesis (5) and influence synaptic transmission (6) . VEGF regulates neurite outgrowth and maturation during development (7) , and in the adult brain can influence a number of complex processes, including learning and memory (8) .
Since VEGF emerged as a putative factor in the pathogenesis of stress-related disorders and the efficacy of antidepressive therapy (9) (10) (11) , experimental studies have been conducted to delineate its precise role (9, 10) . A definitive link between the action of antidepressants and VEGF has yet to be elucidated, however, it is assumed that as a neurotrophic factor VEGF serves an important role in the effects of antidepressants. The neurogenic/neurotrophic hypothesis of depression implicates a stress-induced decline in neurotrophins, such as brain-derived neurotrophic factor (BDNF) and VEGF, and atrophy of the limbic structures in the pathogenesis of mood disorders (12, 13) . A previous study in animal models of depressive-like behavior suggest that antidepressants increase VEGF levels, opposing the effect of stress (14) . However, to the best of our knowledge, the influence of long-term antidepressant administration on , JAROSŁAW JERZY BARSKI 2, 5 and EWA OBUCHOWICZ hippocampal VEGF levels in rats exposed to chronic stress has been investigated in few studies and performed only in males (15) (16) (17) (18) . Irrespective of environmental influences, such as chronic social stress, gender is a primary risk factor for major depression, with women having double the risk of developing affective disorders compared with men (19) . Previous studies have shown that the physiological and behavioral responses of an organism to environmental factors are related to gender (20, 21) . The present study, to the best of our knowledge, is the first to investigate the effect of long-term administration of antidepressants on the expression of VEGF mRNA in female rats exposed to chronic social stress. The effects of the tricyclic antidepressant desipramine, the selective serotonin reuptake inhibitor (SSRI) fluoxetine and the atypical antidepressant tianeptine were measured in structures implicated with emotional state and stress response regulation, the amygdala, hippocampus and hypothalamus. In addition, alterations in serum VEGF concentration elicited by chronic social stress and antidepressants were evaluated.
Materials and methods
Experimental animals. Adult female Sprague-Dawley rats (n=71; age, 9 weeks) from the Centre For Experimental Medicine (Medical University of Silesia, Katowice, Poland) weighing between 200 and 220 g were used in the present study. Rats were kept under standard conditions (light/dark cycle, 12 h; temperature, 20-24˚C; humidity, 45-65%) with ad libitum access to food and water. All animal procedures were performed in accordance directive 2010/63/EU of the European Commission (22) and were approved by the Local Ethics Committee for the Care and Use of Laboratory Animals (Medical University of Silesia, Katowice, Poland).
Chronic social instability stress procedure. Rats were exposed to chronic social instability stress using a previous described procedure (23) . Briefly, the procedure was based on alternating phases of isolation and crowding over 4 weeks. During isolation rats were housed individually in standard cages (36x20x15 cm), whilst during crowding rats were housed in groups of four in small cages (30x20x15 cm). To enhance unpredictability, different rats were housed together during each crowding phase. Control (non-stressed) rats were kept in groups of seven in standard cages (52x31x19 cm) in a separate room.
Treatments and experimental design. Stressed and control rats were injected intraperitoneally once daily between 7 and 9 a.m. for 28 days with an antidepressant drug (described below) or 2 ml/kg 0.9% saline (SAL). The following antidepressant drugs were used: 10 mg/kg desipramine hydrochloride (DMI; Sigma-Aldrich, St. Louis, MO, USA), 5 mg/kg fluoxetine hydrochloride (FLX; PLIVA, Ltd., Krakow, Poland) and 10 mg/kg tianeptine sodium salt (TIA; Servier Laboratories, Suresnes, France). Rats were weighed twice a week. Animals were randomly assigned to into the following five groups: Control + SAL, unstressed rats treated with SAL (n=7); stress + SAL, stressed rats treated with SAL (n=8); stress + DMI, stressed rats treated with DMI (n=8); stress + FLX, stressed rats treated with FLX (n=8); and stress + TIA, stressed rats treated with TIA (n=8).
The effect of chronic social stress on rat behavior, body weight, relative adrenal weight and endocrine markers of stress were studied on the following separate groups of rats: Control + SAL (n=16); and stress + SAL (n=16) using the sucrose preference test and open field test. An overview of the experimental design is described in Fig. 1A and B.
Collection of neural structures, adrenal glands, plasma and serum. Rats were sacrificed by decapitation 24 h following the last dose of the antidepressant or saline. Following sacrifice, the brain and the amygdala, hippocampus and hypothalamus were dissected according to the Paxinos and Watson atlas (24) . Then, isolated brain structures were sonicated in ice-cold TRI Reagent (Sigma-Aldrich; 1 ml/100 mg of tissue) and stored at -80˚C until required. Subsequent to the decapitation of rats and opening of the abdominal cavity, both adrenal glands were resected, weighed after careful removing of adherent fat, and then discarded. Furthermore, trunk blood (plasma and serum) samples were collected. To obtain plasma, blood was collected into pre-chilled tubes containing EDTA, whilst to acquire serum, blood was kept at room temperature for 30 min in tubes without anticoagulant. Following centrifugation (10 min, 2,500 x g, 4˚C), the resulting supernatants, designated plasma and serum were aliquoted and stored at -80˚C.
Sucrose preference test. The sucrose preference test, used for determination of anhedonic-like behavior, was conducted for 24 h on the day prior to and on the last day of the chronic stress procedure, according to a protocol described previously (23) . Briefly, rats could choose between a bottle containing water or a bottle containing 1% sucrose solution. Rats had ad libitum access to food and water prior to, during and following the test.
Control and stressed rats were tested individually. Sucrose preference (%) was calculated as: Sucrose consumption (ml) / [(sucrose + water consumption (ml)] x 100.
Open field test.
The open field test was performed to measure locomotor activity and anxiety-related behavior. The test was conducted prior to and following the chronic stress protocol (the day following the sucrose preference test) using a transparent plastic chamber with a light grey floor (55x55x40 cm) in a softly lit experimental room. Locomotor activity of the rats, indicated by the speed and distance of their movements, was monitored by a computerized video-tracking system using Ethovison XT software (version 8.0; Noldus Information Technology B.V., Wageningen, The Netherlands). Rats were placed one at a time in the left corner of the ʻopen fieldʼ and recorded for 15 min. Horizontal activity was measured in cm and vertical activity as the total rearing duration time. The percentage of time spent in the center of the field [(time spent in center) / (time spent in center + margin) x 100] was used as an indication of anxiety. The floor surface of each chamber was thoroughly cleaned between the testing of each animal.
Corticosterone and adrenocorticotropic hormone (ACTH)
assays. Plasma samples were collected as described previously. Adrenal glands were dissected and weighed as described above. The results are represented as percentage of body weight on the last experimental day. Plasma corticosterone concentrations were determined by ELISA using a Corticosterone ELISA kit (cat no. 501320; Cayman Chemical Company, Ann Arbor, MI, USA), according to the manufacturer's protocol. The results were determined by measuring the absorbance at 450 nm using a multiwell plate reader (Multiskan RC, LabSystems, Inc.; Thermo Fisher Scientific, Waltham, MA, USA). Plasma ACTH levels were determined with an automated chemiluminescent immunometric assay on an IMMULITE 2000 analyzer (Siemens Healthcare Diagnostics GmbH, Erlangen, Germany).
Total RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from brain structures and 10 ng/µl was used for RT-qPCR according to previously described protocols (25, 26) to determine the levels of VEGF mRNA. The quality and integrity of the RNA extracted was assessed by 1% agarose gel electrophoresis and the optical density (260:280 nm ratio) was measured using a BioPhotometer (Eppendorf, Hamburg, Germany). TaqMan Gene Expression Assay primers and probes for amplification of VEGF mRNA were obtained from Thermo Fisher Scientific, Inc. RT-qPCR was performed using TaqMan One-Step RT-PCR Master Mix Reagents and the ABI Prism 7700 Sequence Detection system (both Thermo Fisher Scientific, Inc.). RT was performed at 48˚C for 30 min and the following steps were performed for PCR: 40 cycles of 10 min at 95˚C; 1 cycle at 95˚C for 15 sec; and 1 cycle at 60˚C for 1 min. All experiments were performed in triplicate and rat GAPDH was used as an endogenous control. The copy numbers of VEGF mRNA were calculated using the Cq-based calibrated standard curve method for the β-actin standards (27) (TaqMan DNA Template Reagents, Scientific, Inc.) run during the same experiment.
Serum VEGF measurement. Quantification of VEGF in the sera was performed with an ELISA kit (cat no. RRV00; R&D Systems, Inc., Minneapolis, MN, USA) according to the manufacturer's protocol. The results were determined by measuring the optical density at 450 nm using a multiwell plate reader (Multiskan RC; Thermo Fisher Scientific, Inc.).
Statistical analysis. GraphPad Prism software (version 6; GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical and graph production. Differences in the adrenal weights and hormone measurements between groups were analyzed using unpaired t-tests. Analysis of behavioral data (the sucrose preference and open field tests) performed with a paired t-test or Wilcoxon signed-rank test. The statistical significance of differences between treatment groups was evaluated using a one-way analysis of the variance (ANOVA) followed by a Tukey's range test. P<0.05 was considered to indicate a statistically significant difference. Results are presented as the mean ± standard error of the mean.
Results
Behavioral tests. The average consumption of sucrose solution increased by 16% in chronically stressed rats treated with saline compared with unstressed rats treated with saline, and this difference was significant (P=0.001; Fig. 2A) .
In regards to locomotor activity, the stressed rats showed slightly reduced general locomotor activity. There was a 15.5% decrease in the distance moved (P= 0.15) and velocity of movement (P=0.12) in the stressed rats compared with the controls (result not shown). It was also noted that the stressed animals showed reduced exploratory activity in the open field. Chronic stress significantly reduced vertical locomotor activity (rearing) of rats by 63% compared with the control (P= 0.007; Fig. 2B ). In addition, rats subjected to chronic stress spent 34.6% less time in the center of the open field (plastic chamber) compared with control rats (P=0.09; Fig. 2C ).
Weight gain, adrenal weight and hormone levels. Over the 4-week experimental period, the body weight of the stressed female rats increased by ~24%. At the end of the experiment, there was no significant difference in body weight gain in unstressed saline-treated rats (279.4 g) or stressed saline-treated rats (294.0 g) (results not shown). In addition, the relative (mg/g body weight) adrenal weight of the stressed rats was significantly increased compared with the control (P<0.0001; Fig. 3A) . In regards to hormone levels, the plasma corticosterone concentration in chronically stressed rats increased by 26% (P=0.30; Fig. 3B ) and ACTH concentration increased by 46% (P= 0.095; Fig. 3C ) compared with unstressed rats.
Influence of long-term antidepressant treatment on VEGF mRNA expression in the brain structures of female rats subjected to chronic stress. In the hippocampus, chronic social instability stress increased the number of VEGF mRNA copies by 124% relative to the control (one-way ANOVA, P=0.0054; Tukey's range test, P<0.05). In stressed rats treated with DMI, FLX or TIA, VEGF mRNA expression was increased by 53, 29 and 35%, respectively, compared with the saline-treated stressed group, but these effects did not reach statistical significance. However, VEGF mRNA expression increased following treatment with all the studied antidepressants by 243% (DMI: P<0.01), 191% (FLX: P<0.05) or 204% (TIA: P<0.05) compared with the unstressed saline-treated control (Fig. 4A) .
In the amygdala of stressed rats, there was a significant 85% increase in the VEGF expression compared with the control group (one-way ANOVA, P=0.015; Tukey's range test: P<0.05). In stressed rats treated with DMI or FLX, the VEGF expression decreased by 43 and 22%, respectively, compared with the saline-treated stressed group, but these effects did not reach statistical significance. In DMI-treated rats, VEGF expression returned to the value found in the non-stressed control group. TIA had no effect on the VEGF expression in rats subjected to stress compared with stressed saline-treated rats (Fig. 4B) .
In the hypothalamus, exposure to chronic stress elicited a significant increase of 64% in VEGF expression compared with the unstressed control rats (one-way ANOVA, P=0.0044; Tukey's range test, P<0.05). In the DMI-treated stressed rats, VEGF expression was significantly reduced by 35% compared with saline-treated stressed rats (P<0.05). Similar to in the amygdala, FLX reduced VEGF expression by 24% compared with saline-treated stressed rats. VEGF expression in TIA-treated stressed rats did not differ from that in the saline-treated stressed rats, but was similarly significantly increased by 68% compared to the unstressed control (P<0.05; Fig. 4C ). Effect of chronic social instability stress on adrenal gland weight and stress hormone levels in female rats. (A) The relative adrenal weight (mg/g body weight) of the control and stress groups treated with saline following the chronic social instability stress procedure. Plasma concentrations of (B) corticosterone and (C) ACTH following the chronic social instability stress procedure. Control group, n=7; stressed group, n=8. Data is presented as the mean ± standard error of the mean. Differences between groups were statistically analyzed using unpaired t-tests. Effect of long-term antidepressant treatment on serum VEGF protein concentration in female rats subjected to chronic stress. As shown in Fig. 5 , exposure to chronic social stress significantly reduced serum VEGF levels by 25% compared to the control (one-way ANOVA, P<0.0001; Tukey's range test, P= 0.002). Serum VEGF concentration in DMI-treated rats increased by 20% compared with saline-treated stressed rats (P=0.097). There was no difference between the saline-treated and FLX-treated stressed groups. Although, in the FLX-treated stressed group protein VEGF levels significantly decreased by 30% compared with the unstressed saline-treated controls (P<0.01). Administration of TIA to stressed rats significantly diminished the level of VEGF by 40% compared with unstressed saline-treated control rats (P<0.001), and by 22% in comparison to the saline-treated stressed rats (no significant difference).
Discussion
The present study provides novel information regarding the effect of antidepressants on VEGF expression in stressed female rats. Firstly, chronic social instability stress was identified to increase the expression of VEGF mRNA in all the studied brain structures: the hippocampus, amygdala and hypothalamus. This supports the view that VEGF serves a role in brain function during chronic stress conditions and in the development of affective disorders. Secondly, the results of the current study indicate that long-term DMI or FLX, but not TIA, treatment attenuates the effect of stress on VEGF mRNA expression in the amygdala and hypothalamus. Surprisingly, in the hippocampus, all studied antidepressants increased VEGF mRNA expression. Finally, a decrease in sera VEGF protein concentration was identified in stressed rats, which antidepressant treatment did not reverse. In order to evaluate the rat model of chronic social instability stress used in the present study, the impact on the hypothalamic-pituitary-adrenal axis and the behavior of rats was tested, using endocrine stress markers (adrenal weights, ACTH and corticosterone concentrations) and two behavioral tests (sucrose preference and open field tests). This evaluation was limited, as it was studied in the control + SAL and the stress + SAL groups, but not in the antidepressant treatment groups. The results determined that the adrenal glands of female rats exposed weighed more compared with control rats. Plasma concentrations of the stress hormones (corticosterone and ACTH) were unaffected by the chronic social stress procedure used, which may suggest habituation to the procedure.
It is well established that chronic stress induces adaptive physiological and psychological processes, which may develop into a pathological response, particularly when the stress is sustained and coping attempts are unsuccessful (28) . Unlike numerous previous reports demonstrating a reduction in sucrose intake by stressed rats (29, 30) , the results of the present study indicate that the applied stress model induced the opposite effect. However, other studies on anhedonia following the application of mild stressors found similar results (15, 31) .
The open field test was performed in the present study, in order to determine if the applied stress procedure induced behavioral changes in the rats. The results showed that stressed rats experienced decreased spontaneous locomotion and a reduced exploration in the open field, indicated by a Figure 5 . The effect long-term DMI, FLX or TIA treatment on the serum VEGF concentration of female rats subjected to chronic social instability stress. Differences between groups were statistically analyzed using one-way analysis of the variance followed by a Tukey's range test. The effect long-term DMI, FLX or TIA treatment on the expression of VEGF mRNA copies in the (A) hippocampus, (B) amygdala and (C) hypothalamus of female rats subjected to chronic social instability stress. Data is presented as the mean ± standard error of the mean. Differences between groups were statistically analyzed using one-way analysis of the variance followed by a Tukey's range test. A B C significant decrease in the total duration of rearing. Stressed rats were observed to spend less time in the center of the field, which may suggest that chronic social stress exposure induced anxiety-related behavior. This tendency to spend less time in the center may be related to changes (either increases or decreases) in hormone levels on the day of the test or the habituation of rats to the stress procedure. Ovarian hormones are important in the regulation of stress responses and behavior (32, 33) . A limitation of the current study is that the phase of the estrous cycle rats were in at the time of behavioral testing was not taken into account. However, determining this would have required vaginal sampling, which would have affected stress and interfered with the behavioral tests.
The limbic structures, particularly the hippocampus, are considered to be the regions of the brain that are sensitive to chronic social stress and respond to stressors with structural remodeling (34) . However, until recently, only a number of studies have investigated the effect of chronic stress on hippocampal VEGF expression (14, 15) . Previous studies have found that VEGF mRNA is decreased in the granular cell layer of the dentate gyrus in rats subjected to the chronic unpredictable stress (CUS) (14) and in the CA3 region of the ventral hippocampus in rats subjected to chronic mild stress (CMS) (15) . Conversely, Kiuchi et al (35) identified no significant differences in hippocampal and plasma VEGF concentrations in rats exposed to CUS compared with unstressed rats. In addition, Elfving et al (36) reported increased VEGF and VEGFR-2 protein levels in the prefrontal cortex, but not in the hippocampus, following chronic restraint stress. A previous suggestion is that the anatomical localization of stress effects on VEGF mRNA and protein expression depends on the applied stress paradigm (37) . Chronic social instability stress, used in the present study, differs from the models used in previous studies in regards to its nature and intensity (38, 39) . This paradigm, designed for female rats (40) , is based on repeated but unpredictable homotypic stress of a social nature. CUS and CMS used in previous studies (14, 15) on male rats are based on a constant variation in stressors of physical nature, while the restraint stress model is based on exposure to a repeated and predictable homotypic physical stressor. Considering the neuroprotective role of VEGF (41, 42) , the increase in VEGF mRNA expression in the hippocampus, amygdala and hypothalamus observed following chronic social stress in the present study may be an adaptive response, which develops to maintain the homeostasis of an organism that is impaired by stress. However, it cannot be excluded that this effect is mediated by a stress-induced increase in circulating levels of glucocorticoids (43) , which are responsible for the neurobiological effects of stress. The suggestion concerning glucocorticoids is in line with the results of a previous study which showed that long-term corticosterone treatment increased VEGF protein levels in the frontal cortex (44) . In the current study, the stress-induced increase in VEGF mRNA expression was largest in the hippocampus, a structure implicated in the pathogenesis of depressive disorders and important for the actions of antidepressants.
The potential role of VEGF in the action of antidepressant drugs has previously been examined (17, 18) . VEGF was identified to mediate the antidepressant effect of the cAMP cascade in the adult rat hippocampus (45) , and that short-term exposure of mice to an enriched environment (a large cage supplied with plastic tubes, ropes, two running wheels, and toys) produced antidepressant-like effects via a VEGF-mediated increase in spinogenesis (46) . Furthermore, intracerebroventricular VEGF infusions had an antidepressant effect in behavioral models in rodents (18) . In addition, previous studies have determined that VEGF-Flk-1 signaling is required for a number of the behavioral effects (forced swim test, learned helplessness, novelty suppressed feeding) observed in long-term antidepressant treatment (SSRI and serotonin and noradrenaline reuptake inhibitors) in rodents (17, 18) . In addition, these studies found that DMI (18) and FLX (17) increased VEGF mRNA expression and protein levels in the hippocampus of rodents. Similarly, the present study identified that long-term antidepressant treatment increased VEGF mRNA in the hippocampus of stressed rats, with DMI having the strongest effect. Greene et al (17) observed increased VEGF mRNA levels in the hippocampi of rats subjected to CUS and FLX treatment, but not in rats subjected to CUS alone. It has been suggested that the rapid effects of antidepressants, and increase in VEGF, are mediated by alterations in neuroplasticity and synaptic transmission, whereas prolonged effects are related to enhanced neurogenesis (47) .
Interestingly, the present study identified that long-term DMI administration decreased the number of VEGF mRNA copies in the hypothalamus and amygdala in comparison to the rats subjected to chronic social instability stress and treated with saline. In addition, chronic administration of FLX attenuated the stress-induced increase in VEGF mRNA expression in the amygdala and the hypothalamus as compared with the saline-treated stressed rats. The results of DMI treatment may be due to the fact that this antidepressant works primarily by inhibiting the reuptake of norepinephrine (NE) and secondarily by blocking serotonin [5-hydroxytryptamine (5-HT)] reuptake (48) . An enhancement of noradrenergic and/or serotonergic system activity is thought to account for the antidepressant action of drugs applied in the therapy of mood disorders (49). Udo et al (50) suggested that VEGF affected the concentration of monoamines in the forebrain of VEGF-overexpressing transgenic mice and that VEGF function was closely linked to the NE system. Udo et al (50) found that levels of NE and 5-HT were reduced exclusively in the regions of the nervous system where VEGF was expressed and that the turnover of NE was markedly increased. Based upon the above findings, it may be suggested that higher levels of the monoamines, particularly NE, induced by long-term antidepressant treatment, are responsible for the decrease in VEGF expression in the amygdala and hypothalamus.
In the current study, TIA was determined to have no effect on VEGF mRNA expression, in all studied brain structures, in chronically stressed rats compared with saline-treated stressed rats. To the best of our knowledge, this is the first study investigating the influence of TIA on the VEGF expression in the rat brain. TIA, an antidepressant with well-known neuroprotective properties (51), does not inhibit the 5-HT or NE reuptake, but normalizes disrupted glutamatergic neurotransmission (52) . Previous studies suggest that TIA may promote neuroplasticity in the hippocampus (53) and amygdala (54) by influencing BDNF and nerve growth factor expression. The lack of effect of TIA on VEGF expression in the rats subjected to stress may be related to its non-monaminergic mechanism of action. The results of the present study suggest that the neurogenic action of TIA under chronic social stress conditions is not mediated by VEGF.
VEGF has been implicated in a number of neuropsychiatric disorders, however, it remains unclear whether serum VEGF levels reflect the alterations in brain VEGF mRNA or protein levels (55) . In the present study markedly reduced serum VEGF protein levels were found compared with VEGF mRNA levels in the studied brain structures in rats exposed to chronic stress, supporting the hypothesis that serum VEGF cannot be considered a marker of stress-induced cerebral alterations. However, the fact that VEGF protein levels in brain structures were not measured limits this conclusion. The decrease in serum VEGF levels observed in the present study is in line with data obtained by Howell et al (44) , who found reduced VEGF levels in mice following long-term corticosterone treatment. The studied antidepressants did not reverse the stress-induced decrease in serum VEGF concentration. Similarly to results in the brain structures, DMI and TIA induced opposite effects, DMI increased serum VEGF levels compared with saline-treated stressed rats, whereas TIA reduced VEGF levels compared with saline-treated unstressed control rats. The results of clinical studies concerning plasma VEGF levels in depressed patients are inconsistent (56) (57) (58) (59) (60) (61) . Lee and Kim (58) reported enhanced plasma VEGF levels in patients with major depressive disorder prior to antidepressant treatment, suggesting that VEGF plasma levels could be used as a biomarker of depression. Similar results were identified in a recent study by Tseng et al (59) based on a meta-analysis involving 16 articles. In contrast, Dome et al (60) and Ventriglia et al (61) found no difference in serum VEGF levels prior to and following antidepressant treatment.
In conclusion, the present study indicates that there is a strong association between the effects of chronic stress, trophic factors and response to antidepressants. In female rats, DMI was identified as the most efficient drug in regards to blocking stress-induced changes in the VEGF mRNA expression in the studied brain structures and serum VEGF protein levels. In addition, the results of the current study suggest that, under chronic stress conditions, VEGF serves a role in the mechanism of action of DMI, which is known to modulate norepinephrine system activity.
